This paper reports an experimental investigation of bandwidth enhancement of dielectric resonator antennas (DRA) using parasitic elements. Substantial bandwidth enhancement for the HE,,, mode of the stacked geometry and for the HEl3, mode of the coplanar collinear geometry have been demonstrated. Excellent radiation patterns for the HEll6 mode were also recorded.
INTRODUCTION
A dielectric resonator placed over a ground plane can serve as an effective radiator [l-23. Compared to printed antennas, the DRA has lower ohmic losses and higher radiation efficiency particularly at high frequencies. However, because of high Q factor, the DRA has very narrow bandwidth which severely limits its usefulness as an antenna. It has been clemonstrated that significant bandwidth enhancement can be achieved for microstrip antennas by placing closely spaced parasitic elements on both sides of or directly above a driven patch [ 3 ] . It appears that parasitic elements can also be used to enhance the bandwidth of a DRA. This paper is concerned with an experimental investigation of the effects of parasitic elements on dielectric resonator antennas.
THE EXPERIMENT
The single DRA as shown in Fig. l(a) is placed on a ground plane and aperture coupled to a notched coplanar waveguide (CPW) through a slot. The slot is positioned along the y-axis ($190") so the HElld and the HE136 modes can be excited [4] . Bond wires are usecl to keep the CPW ground planes at equal potential and suppress the slotline even mode. The DRA of diameter D and height H of 6.223 mm and 2.489 mm respectively is constructed from ZrSnTiO, material of relative permittivity = 36.0, and the CPW feed is fabricated from 2 0 mil (0.508 mm) RT-5880 Duroid substrate of E,, = 2 2. In the experiment, identical dielectric resonators were placed directly above and on both sides of the driven DRA.
RESULTS AND DISCUSSIONS
The measured return losses for the single DRA is shown in Fig. 2(a) . Results indicate that with proper aperture lengths, either the HE,,, or the HE,,, mode can be strongly excited. The aperture length was found to have a strong impact on the bandwidth of the DRA. The HEll, mode excited with an aperture L, = 0.40 cm has a 2:l VSWR bandwidth of 8.8 %, while the HE136 excited with an aperture L, = 0.68 cm has a bandwidth of only 2.5 %.The return losses are less than -10 dB for both modes indicating strong coupling. Figure 3(a) shows the measured patterns for the HElld which has a broader main lobe in the @=goo plane than in the @=Oo plane. The pattern is asymmetrical along the @=O0 plane due to interference from the test fixture.
Figure l(b) shows the collinear geomtry where two identical dielectric resonators are proximity coupled to a driven DRA along the @=Oo plane with one on each side of the DRA. The separation between resonators is 1 mm. It was observed that placing the parasitic dielectric along the @=O0 plane produces strong coupling with the HE,,, mode, while along the @=goo plane produces strong coupling with the HElld mode. The strong coupling is caused by high field concentrations of the HEl3* and HEllB in the @=Oo and @=goo plane respectively. Figure  2 ( b ) shows the measured return losses which are less than -18 dB for the HE,,, mode with @=oo orientation and about -50 dB for the HE,,, with @=goo orientation. The parasitic elements has increased the 2:1 VSWR bandwidth of the HEl3& from 2.5 % to 3.7 %. The measured patterns for the HE,,, mode as shown in Fig. 3(b) exhibits excellent broadside characteristics.
Figure l(c) shows the stacked geomtry. The overlaying parasitic resonator was found to couple strongly to the HEll6 mode where the electric field is maximum near the top surface of the driven DRA [ 6 ] . As indicated in Fig.  2(c) , the measured return loss is less than -20 dB for the HEllb mode with the higher order mode sup-pressed. The parasitic resonator increases the 2:l VSWR bandwidth of the HE,,, mode to over 5.3 %. As with the previous case, excellent radiation patterns have been obtained for the HElld mode. These patterns are displayed in Fig. 3(c) .
CONCLUSIONS
Substantial enhancement in bandwidth has been demonstrated for the HE,, and the HE,, modes with the parasitic resonators placed directly above and on both sides of the DRA respectively. Because of excellent return loss and radiation characteristicij, the DRA should be excited in HE,, mode when used as radiating elements in an array. D. Kajfez, A.W. Glisson and J. James, "Computed model field distributions for isolated dielectric resonators," IEEE Trans. Microwave Theory tech., Vol. MTT-32, No.12, pp.1609 -1616 , Dec. 1984 . VO1.26, No.24, pp.2015 -2016 , NOV. 1990 . 
